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SUMMARY 



Available wind-tunnel data on static directional sta- 
bility and control have been collected and studied. Meth- 
ods based on these studies are given for evaluating the 
aerodynamic characteristics of vertical tail surfaces and 
their contribution to static directional stability and 
control. Special attention has been paid to the end-plate 
effect of the horizontal tail on the vertical tail and to 
the sidewash induced by the fuselage and the trailing vor- 
tex system from the wing. Methods based on limited data 
for fuselages and hulls, wings, and fuselage-wing combina- 
tions are also given for estimating the contribution of 
the wing and the fuselage to directional stability. 

This paper does not attempt to establish criterions 
for directional stability and control; rather, the empha- 
sis is placed on providing some basis for design to spec- 
ified criterions.. An example applying the design methods 
has been included. 

INTRODUCTION 



As a part of a general investigation directed toward 
developing a rational system of tail design, a study has 
been made of available wind-tunnel data on directional 
stability and control. The main emphasis has been placed 
on a study of the aerodynamic characteristics of the ver- 
tical tail surfaces and their contribution to the static 
stability and control characteristics of airplanes. Data 
on the characteristics of yawed fuselages, hulls, wings, 
wing-fuselage combinations, and wing-hull combinations 
have also been collected. The purpose of this study has 
been not to establish the stability and control criterions 
for satisfactory flight handling characteristics but rath- 
er to provide methods for design to specified criterions. 
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Eu&der-ef f ect iveness data were available for 4 air- 
planes and 28 models, including two 35-foot-span models 
of multiengine airplanes. The contribution of the verti- 
cal tail to stability, that is, yawing moments for both 
tail-attached and tail-removed conditions, was available 
for eight of these models. Yawing-moment data for fuse- 
lages and hulls were available for 17 models. For 4 of 
the 17 models, yaw tests had also been made of the wing 
alone and of the wing-fuselage combination. 

The study of the forces on the vertical tail is an 
extension of the work of references 1 and 2, which concern 
the horizontal tail, and considerable use has been made 
of the methods that they present. Analyses were thus di- 
rected toward the determination of the characteristics of 
the isolated tail surface and the effective velocity and 
the direction of the air flow at the tail. Analyses of 
the yawing moments of the wing-fuselage combinations were, 
in general, much less satisfactory, owing to the inadequacy 
of methods for evaluating either the contribution of the 
fuselage and the wing or of the large wing-fuselage inter- 
ference effects. 



AIRFLAHES ASTD MODELS 



Two-view drawings of the 4 airplanes and the 28 
models are given in figure 1. Many diverse types are rep- 
resented, most of them of recent design. The geometric 
characteristics are listed in table I. 

Models 1 and 2 and a,irplanes 3 to 6 were tested in 
the STAC A full-scale wind tunnel; models 7 to 10, in the 
IACA 20-foot wind tunnel; models 11 to 16, in the MAC A 7- 
by 10-foot wind tunnel; and models 16 to 32, in the Wright 
Field 5-foot wind tunnel. 



AIRFOIL THEORY APPL IED, TO THE VERTICAL TAIL 



Considerable uncertainty attends the application of 
the usual airfoil theory to the design of vert ical ' t ails , 
owing to their low aspect ratio, the necessarily arbitrary 
methods of defining the area, and the large aerodynamic 
effects of the fuselage and the horizontal tail. Further- 
more, the air flow in the region of the vertical tail may 
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be very irregular, particularly when the airplane is 
yawed, because of the low velocities in the wakes of the 
wing and the fuselage and 'the vprticity in the air flow 
due to the trailing-vortex system. These factors are sep- 
arately discussed with the purpose of developing consist- 
ent methods of taking thorn into consideration. 



Symbols 

A aspect ratio 
b span 

L fuselage length 

1 distance from center of gravity of model to the 
rudder hinge line. 

S area 

3T'j ftiselage-wing interference factor 

V velocity 

q effective dynamic pressure at tail 

q/q 0 ratio of effective dynamic pressure at tail to 
free-stream dynamic pressure 



p density 
dC n '/d8 r rudder effectiveness 

T relative rudder effectiveness 



c mean chord 
Cjj normal-force coefficient 
C n ' yawing-moment coefficient (wind axes) 




T n thrust coefficient ( cffective thrust 

p V 3 D 3 
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D propeller diameter 

a angle of attack, degrees 

^ 1 angle of yaw, degrees (wind axes) 

CT local sidowash angle measured from the wind axis, 
negative when it increases the angle of attack 
of the yawed vertical tail, degrees 

8 deflection of movable surface, degrees 
C h hinge-moment coefficient ( hingc momcnt N ) 
Yf cross-wind force of fuselage 

/ ^f 

Cy- 1 cross-wind force coefficient of fuselage ( y— 

.. n q. vol"' 3 

u, v coefficients of Cn^ and 6 r in the hinge- 
moment equation 

Subscript s : 

t vertical tail 
r rudder, excluding balance 
b balance 
f fuselage 
w wing 
A airplane 
av average 

Definitions of Geometric Characteristics 

The usual vertical tail surfaces fall into five 
fairly well-defined groups. An example of each is shown 
in figure 2, itfhich also defines the span. Type I, corro- 
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sponding to the twin-tail construction, is most nearly a 
normal airfoil and its span and area are defined in the 
usual manner. Type II is attached to. a fuselage that 
tapers to a point at the rear. The span and the area are 
both measured to the horizontal tail, which assumes the 
part of an end plate. : Types III and V are found, on fu- 
selages that taper, not to a point, "but to a vertical 
knife edge at the rear. The span is measured to the hori- 
zontal tail, and the area is taken as the sum of the fin 
area, measured to the horizontal tail, and the total mov- 
able area. For type 17 with the horizontal tail mounted 
on the -vertical tail, the span is measured to the upper 
surface or to the extended upper surface of the fuselage 
and the area is the sum of the fin area, measured to the 
upper surface of the fuselage, and the total movable area. 
These definitions may appear rather arbitrary and are 
perhaps no "better than others that could be chosen; yet 
the results obtained with them, were generally consistent. 



Aerodynamic Characteristics of the Isolated Vertical Tail 

Hormal-f orce characteristics . - The slope of the nor- 
mal-force curve, dCj| / da^. » is primarily a function of as- 

o 

pect ratio. It must he noted, however, that the horizon- 
tal tail acts as an end plate for the vortical tail, which 
causes the effective aspect ratio of the vertical tail to 
exceed its geometric value. A theoretical analysis made 
by members of the full-scale-tunnel staff has shown that 
for the usual ratios of vertical-tail span to horizontal- 
tail span, the increase in aspect ratio will be about 55 
percent. Tests of model 7 with two different horizontal 
tails indicated that the span ratio is not a critical fac- 
tor. In the absence of the horizontal tail, the fuselage 
itself probably exerts a considerable end-plate effect. 
Such an effect is not readily calculable although some of 
the tests indicated it to be quite large. 

The variation of dCjj / dat with aspect ratio is 

shown in the curve of figure 3, which summarizes the re- 
sults of reference ,3 for aspect ratios smaller than 3 and 
those of reference 1 for aspect ratios larger than 3. The 
curve represents only an average of experimental .results 
and, under certain conditions, may be somewhat inaccurate. 
For example, the value of dCjr./dat may be increased 5 

to 10 percent by a sealed gap between the fin and the 
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rudder (reference 4) or may "be lowered an equal amount 
or more by a bad gap or by an irregular plan form. 

The value of the relative rudder effectiveness t 
as a function of the relative rudder and balance areas 
is plotted in figure 4, which reproduces the curves of 
figure 19 of reference 2. Here again certain deviations 
from the curves may be expected under various conditions, 
for the rudder effectiveness will also depend on the 
spanwiso distribution of the rudder area and on the na- 
ture of the gap between the fin and the rudder (reference 
4) . Sealing the gap may increase T by as much as 15 
percent. 

HinA'Q-momont characteristics The h in ge -moment coef 
ficient of a rudder may be expressed (reference 5) as a 
function of the normal-force coefficient of the tail and 
angle of rudder deflection 

0. = u 0„ + vS,, (1) 

The parameters u and v may bo conveniently defined 
from the equation in the following forms: 




v = 



=• - u = - uT ( 3) 

35 r Jq ds r d8 r dS r da t 

t 



Hinge-moment data on is.olated tail surfaces without 
balance and with offset-hinge balance were available in 
references 2, 4, and 6. Jrom these data values of u 
and v, at small angles of attack and rudder deflections 
were determined. The results are summarized in figures 
5 and 6 wherein u and v ■' are given as functions of 
S r / and Sfj/S r . 

The hinge moments, for a given .increase in normal 
force, may be appreciably less than indicated by these 
curves if the gap between the fin and the rudder is 
sealed, but may be somewhat greater if the rudder noso is 
very blunt. 
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Dynamic -pressure at tho tail. - The lo\ver part of the 
single vertical tail is generally in a region of diminished 
dynamic pressure caused "by the fuselage boundary layer and 
perhaps also by the wake from the wing-fuselage junctures. 
Pronounced downwash, such as will exist when partial-span 
flaps are deflected may, however, lower this wake and 
change the average dynamic pressure over the tail. 

Some surveys of the air flow slightly ahead of the 
vertical tail of airplane 4 are shown in figure 7. The 
boundary layer is seen to have a considerable thickness 
and doubtless is even thicker farther back where, it passes 
around the base of the vertical tail. The average dynamic 
pressure, as determined from such surveys, is generally 
slightly higher than the effective dynamic pressure acting 
on the tall because of the influence of the adjacent un- 
disturbed air stream. (See reference 2.) On the basis 
of these surveys and the results of reference 2, tho ef- 
fective dynamic presstire at a single vertical tail is 
estimated to be, on the average, for pr opoller-removed 
conditions, about 0.90 q_ Q . This factor may be low for a 
flap-down condition or for some types of flying boats hav- 
ing hulls that curve upward toward the rear. At angles 
of attack approaching the stall, the factor may decrease 
owing to the effect of the thickened fuselage and the wing 
wake (reference 7). 

Twin tails are somewhat more favorably located than 
single tails as the wing and the nacelle wakes appear to 
be less detrimental to the dynamic pressure at the ts.il 
than the fuselage boundary layer. A value of q/ q 0 =1.00 
was used in calculating the rudder effectiveness for the 
models with twin tails (models 3, 8, 9, 12, and 13) and 
gave good agreement with the experimental values. This 
factor should probably be reduced if tho tails are located 
directly in tho wake of large nacelles. 

At high thrust coefficients, as in take-off or climb, 
the slipstream will appreciably increase tho average dy- 
namic pressure at the vertical tail. ■ (Cf. fig. 7.) In 
this regard, the results of reference 2 indicate that the 
corresponding increase in rudder effectiveness d.0 n % /i.8 T 
may be only half as much as would correspond to the in- 
crease in average dynamic pressure. 

Direction of air flow at the tail. - The air velocity 
in the region of the vertical tail of a yawed airplane will, 
in general, possess a sideward component. Accordingly, the 
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effective angle of attack of the vertical tail will not 
be equal to the angle of yaw, \|/» ; but will be (iff 1 - cr) , 
where <r is the sidewash angle. 'The sidowash angle, 
which may bo quite large, is associated with the trailing 
vortex system behind yawed wings and wing-fuselage, combi- 
nations. An analysis of some recent tests at the IACA 
7- by 10-foot wind tunnel (references 8 and 9) indicates 
that the sidewash angle probably consists of several com- 
ponents, the tentative theory for which is given in the 
following paragraphs. The order of presentation corre- 
sponds to the order of importance (as indicated by calcu- 
lati ons) . 

A yawed fuselage (or airship) experiences a cross- 
wind force, associated with which there is a vortex sys- 
tem similar to that of an airfoil (reference 10). A fuse- 
lage with a low wing is comparable, in this respect, with 
an airfoil with an end plate, and the trailing vortex sys- 
tem for positive angle of yaw (nose right) will be such 
that : ' 

1. The fuselage wake and the air beside it flow to 

the left (destabilizing sidewash, comparable 
with the usual destabilizing downwash) . 

2. The air above the fuselage wake flows to the right 

(stabilizing sidewash). 

3.. The air below the intersection of the wing and 
fuselage wakes has practically no sidewash. 

The vortical tail surface will thus, for a low-wing air- 
plane, be mainly in the region of stabilizing sidewash. 
For a high-wing airplane, however, the vortical tail will 
be partly in the region of destabilizing sidewash and 
partly in the regio.n of no sidewash. 

The vortices shed behind a lifting wing rotate in 
such a direction that the air moves inboard above the wake 
(or the trailing vortex sheo.t) and outboard below it. If 
the trailing vortex sheet is assumed to be unaltered by 
yawing the airplane, the vertical tail of a yawed airplane 
will be in an inward moving stream if it is above the wake 
and in an outward raoviug stream if it is below the wake. 
The effect should increase with lift coefficient and. de- 
crease with aspect ratio, and it should be especially pro- 
nounced for wings with partial-span flaps deflected. 



NACA Technical Note No. 775 



9 



■ For a wing with dihedral a change in lift at the 
center occurs when the wing is yawed. The vortex shed 
from this point rotates in such a direction as to in- 
duce outflow above thowing wake and . inflow below the 
wing wake. Calculations indicate that this effect will 
be relatively small. 

Prom the foregoing discussion it will be clear that, 
as regards the. direction of the air flow at the tail, a 
low-wing design is much more favorable than a high-wing 
des ign. 

Moment equations .- In conformity with the preceding 
discussion and analysis of the forces on the vertical tail 
surface, the equations for the contribution of the tail to 
directional stability and rudder effectiveness are written 
as follows: 



/ A V \ dCK t S t I / dg \ q. 

W« \ da- t S w b w V d.\|/« / q. 0 

d<V ^ S t l : q 

= * — — t -i- (6) 

d6 r d «, t S w b w q 0 

As satisfactory first approximations, the forces have 
been assumed to act at the rudder hinge line and the yaw- 
ing moment about the aerodynamic center of the vertical 
tail has been neglected. 



RUDDER EFESCTIYEUESS 



Curves of yawing-moment coefficient against rudder 
angle for high-speed angles of attack are plotted in fig- 
ure 8, which is divided into four parts for clarity. It 
may be noted that, although most of the tail surfaces do 
not stall in the range of rudder angles below 20°, the 
straight parts of the curves seldom extend much beyond 
rudder angles of 15°. She slope through the origin, des- 
ignated the rudder ef f ec t i vencs s , • d ! C n «/d8 r , has been 
tabulated in the last column of table II. 

Comparison of experimental with calculated values of 
dC n '/d6 r . - In order to estimate the accuracy of the theory 
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and the methods previously outlined, values of dC n '/dS r 

wore calculated for each case by equation (5) and compared 

with the experimental values. The aerodynamic factors 

used in the calculations arc listed in table II and are 

here briefly reviewed. 

The effective aspect ratio was found for the single 
tails of all types except IT (see fig. 2), by multiplying 
the actual aspect ratio by 1.55. for conventional twin 
tails, the effective aspect ratio was taken to be the same 
as the actual aspect ratio. The values of dCjj^/ da-t were 

found from figure 3 by use of the effective aspect ratios. 
The values of T were found from figure 4. Values of the 
effective dynamic pressure ratio at the tail q./ q. 0 wore 
assumed to be 0.90 for the single tails and 1.00 for the 
twin tails. 

The last two columns of table II permit a direct com- 
parison between the calculated and the experimental rudder 
effectiveness. The same comparison is made graphically in 
figure 9, in which tho opxer imcntal values are plotted 
against" the calculated ones, the solid line representing 
exact agreement. The agreement between the experimental 
and the calculated results is, on the average, as satis- 
factory for the models as for the airplane; scale effect 
is apparently negligible. 

Discussion and supplementary data. - The effectiveness 
of the horizontal tail as an end plate is obviously lost 
or diminished when it is located above the f us elago-vert i*» 
cal tail juncture (type IV of fig. 2). Calculations wore 
omitted from table II for tho four models of this typo; 
instead, the procedure was reversed, and the increase in 
effective aspect ratio was calculated from the experimental 
rudder effectiveness. The results are shown in the follow- 
ing table: 



Model 


6 


10 


23 


26 


Wing position 


Derived factor for cor- 
recting aspect ratio 


1 


4 








0.71 


0.60 


1.12 


1.56 


1.44 



The increase is small when the horizontal tail is near the 
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middle of the vertical tail (models 6 and 10) and large 
when the horizontal tail is near the bottom (models 23 
and 26) . 

Airplanes 4 and 6 were tested "both with and without 
the horizontal tail (table III). For model 4, removal of 
the horizontal tail reduced the rudder effectiveness. The 
reduction was relatively small, however, as if the fuse- 
lage either to a large extent replaced the horizontal tail 
as an end plate or else served to add some area to the 
vertical tail. For airplane 6, removal of the horizontal 
tail increased the rudder effectiveness. The horizontal 
tail in this case did not serve as an end plate and con- 
tributed only unfavorable interference. 

Some surveys of the air flow in the region of the 
vertical tail were available (reference 2) for airplane 6 
(fig. 10). For the paras ol-wing condition (wing position 
4, fig. 10(b)), the boundary layer across the root of the 
tail was nrach thicker than for the gull-wing condition 
(wing position 1, fig. 10(a)). Correspondingly, the rud- 
der effectiveness was 11 percent lower for wing position 
4 than for wing position 1 (table IV). The difference is 
possibly associated with the rotation of the vortices shed 
from the wing roots because, when a diverging motion is 
induced in the boundary layer (fig. 10(b)), it may be ex- 
pected to thicken much more rapidly than when a converg- 
ing motion is induced (fig. 10(a)). 

The effect of propeller operation on rudder effec- 
tiveness is shown in table IV for airplane 6 with the 
four wing positions. For the high thrust coefficients 
shown, the rudder effectiveness was approximately doubled 
at low angles of attack and increased still further with 
increasing angles of attack. 

The effect of angle of attack on rudder effectiveness 
is shown in figure 11 for nearly all the models and air- 
planes. In a few cases, the effectiveness continuously 
decreased with increasing angle of attack; for most cases, 
however, it remained nearly constant up to the angle of 
stall. 

The variation of rudder effectiveness with yaw is 
shown in figure 12. For single tails, the rudder effec- 
tiveness increases with yaw, probably because the fuse- 
lage boundary lay t the base of the tail decreases in 
thickness. Ho corresponding variation is observed for 
twin tails. 
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The values of rudder effectiveness for flaps up and 
flaps down arc compared in table V. Flap deflection is 
seen to have negligible effect except whore flap deflec- 
tion induced stalling. 

The given definitions of span, fin area, and rudder 
area seen especially arbitrary when applied to vertical 
tails of typo III, and their use in the calculation of 
dC^'/dSj, for tails of this type would correspondingly ap~ 

pear to have little theoretical basis. The procedure may, 
however, "be considered as justified by the agreement be- 
tween the calculated and the experimental results. Defin- 
ing the rudder area so that it includes only the part above 
the horizontal tail led to definitely less satisfactory 
agreement, as is shown by the comparison in table VI. 

The results in table VII show that propeller opera- 
tion affects the rudder effectiveness only when the ver- 
tical tail is sitxiated in the slipstream. The slipstream 
increases the rudder effectiveness because of the increased 
velocity of the air flow over the vertical tail and also 
because of the reduced thickness of tho fuselage boundary 
layer. (Cf. fig. 7.) 



VERTICAL- TAIL EFFECTIVENESS 



Data from which the contribution of tho vertical tail 
to stability could be directly evaluated were available 
for only eight models. The values of dC n , /d\j/ 1 for these 

models with tho vertical tail both attached and removed 
are listed in table VIII. The model from reference 9 
(fig. 13), which had no horizontal tail, had been tested 
with three wing positions, two dihedral angles, and with 
60-percent-span split flaps both up and down. 

Curves of yawing-moment coefficient against angle of 
yaw for 23 airplanes and models are shown in figure 14. 
Most of the curves are straight up to relatively large an- 
gles of yaw. The value of the slope dC-a'/d-^ 1 at ^' = 
0° is taken as tho criterion for directional stability. 

The variation of stability with angle of attack is 
shown in figure 15, and the effect of flap deflection on 
the directional stability of complete airplanes is shown 
in table IX. 
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Prom the geometric characteristics of the vertical 
tail surfaces of table I, their corresponding values of 
<iC]tf. ( ./d-ct.t were computed. The corresponding contribution, 
given by equation (4), of the vortical tail to dC^'/d^ 1 , 
q./ q 0 being assumed equal 'to 0.90 for single tails and 
1.00 for twin tails and sidewash being assumed absent, is 
shown in table VIII in the next to the last column. An 
increase in aspect ratio of 55 percent was assumed in 
these calculations for all single vertical tail surfaces 
except that of reference 9 which was tested without a 
horizontal tail and for which an increase in aspect ratio 
of only 45 percent was assumed. 

The rate of change of sidewash- angle with angle of 
yaw, shown in the last column of table VIII, was calcu- 
lated from the difference between the experimental and 
the calculated values of vertical-tail effectiveness. In 
the results of the tests reported in reference 9, which 
involved a systematic variation of wing height, flap deflec- 
tion, and dihedral angle, a good correspondence with the 
previous discission exists in the following particulars: 

(a) Raising the wing increases the average d<j/d\|/' , 

decreasing stability. 

(b) Deflecting-, the flap, which strengthens the trail- 

ing vortex sheet, not only decreases (alge- 
braically) dcr/d^ 1 but also increases its 
variation with wing height. 

(c) Dihedral increases dcr/d\J/*. 

Further evidence concerning the flap effect is found 
in table IX, in which it is shown that flap deflection 
generally causes a significant increase in stability. . Part 
of the flap effect, however, probably exists at the' wing 
itself; in the tests reported in reference 8, in which the 
yaw cha.rac ter is t ic s of wings alone were measured, it was 
found that deflecting the flaps increased the directional 
stability of the wings themselves by values between 
-0.0001 and -0.0003. •' 

■"igure 15 shows that, in general, only slight varia- 
tion in stability occurs with angle of attack. " The small 
observed variations are, in most of the examples, in such 
a direction as to support the sidewash theory ■ previously 
given. The large variations are probably due to various 
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interferences peculiar tc each design. Thus, the stabil- 
ity of the low-wing airplanes increases with angle of at- 
tack and tho stability of high-wing airplanes or flying 
hoats decreases. 



STABILITY OF WING-FUSELAGE COMBINATION 



Stability of fusolagos and hulls. - Data on the direc- 
tional stability of fuselages and hulls were obtained from 
results of tests made in the 1TACA 7- by 10-foot wind tunnel, 
at the Washington Navy Yard, and at tho Russian Central 
Ac r o-Hydr odynamical Institute (reference ll). 

Tho stability criterion is chosen as dC^ 1 / d\|/' , 
where C nf » = Nf 1 / q. (-vol), in which N f ' is the yawing 

moment about tho reference axis, chosen at 0 . 3L from tho 
noso. Experimental values of dC^'/dv^ 1 for 5 flying- 
boat hulls and 12 streamline fuselages arc listed in tablo 
X together with data on the geometric characteristics of 
the fuselages and hulls. The flying boat hulls appear to 
bo less unstable than the fuselages. 

Theoretical values of dC n ^ ' /^^ ' > as calculated by 

the methods of reference 12, are also listed in table X 
for tho six fuselages of circular and elliptical cross 
section. Thoy agree closely with experimental values for 
three of the fuselages but exceed the experimental values 
by about 50 percent for tho other throe. It will bo noted 
that tho comparison is not strictly valid, inasmuch as tho 
experimental values, owing to the existence of a resultant 
cross-wind force, depend on tho position of the reference 
axis. Harrington (reference 10) indicates that this force 
is confined to the roar leoward surface of the yawed body 
and is duo to the breakdown of the boundary layer in work- 
ing against an adverse pressure gradient. Tho recovery of 
pressure on the rear leeward.- s ido of the fuselage does not 
occur after flow break-down (reference 12), which produces 
a resultant side force. The magnitude of the yawing moment 
is therefore dependent not only on the shape parameters of 
tho fuselage that affect the pressure distribution but also 
on all tho other variables that may affect tho boundary- 
layer flow, Tho yawing moment therefore becomes a function 
of Reynolds number, roughness, interference, and other re- 
lated factors. 
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- Fuselage -wing interference. - In general, the sum of 
the yawing moments of the wing and the fuselage, tested 
separately, does not equal the yawing moment of the wing- 
fuselage combination. Data illustrating this difference 
are given in table XI. Values of the interference factor, 
defined as 



are listed in the last column of the table. The coeffi- 
cients are based on wing dimensions. 

For the two flying boats, the fuselage-wing inter- 
ference increases the instability. For the fuselages, 
particularly for that of reference 9, the interference is 
favorable, reducing the instability of the combination. 
The effect is greater for the low-wing than for the high- 
wing combination, the difference being most pronounced for 
the flap-down condition. - In the most favorable case (low 
wing, flaps down, zero dihedral) the interference was suf- 
ficient to make the wing-fuselage combination stable. 

The presence of the wing probably increases the in- 
tensity of the boundary-layer break-down at the rear lee- 
ward side of the fuselage, thereby reducing the instabil- 
ity of the fuselage. Flap deflection magnifies this ef- 
fect. For flaps up, the experiments indicate that dihedral 
has no great effect; however, the instability of the fuse- 
lage is slightly increased. 



The foregoing data and methods may be applied to the 
design of vertical tail surfaces to obtain desired degrees 
of static directional stability and control. Although the 
methods are believed essentially sound, tho inadequacy of 
the data somewhat limits their use. 




f+w 




APPLICATION TO DESIGN 



Directional stability. - The directional stability of 
a proposed design may be conveniently considered in two 
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parts: that of the wing-f uselage combination, and that of 
the vertical tail: 



r^L) =(^±1) + ^ (6) 

The fuselage and the wing are usually designed without 
reference to directional stability, which accordingly de~ 
pends on the design of the vertical tail. 

Contribution of wine and fuselage to stability. - The 
contribution of the wing and the fuselage may be taken as 
the value for the most nearly similar wing-fuselage combi- 
nation of table XI. A somewhat more accurate procedure is 
to approximate separately the terms of the expression: 



The value of 




may be taken as that for the most 



nearly similar fuselage of table X multiplied by the ratio 
of the volume divided by the wing area times the wing span 

The value of ^~?S_^ ma 7 ^ e taken as -0.0001 for all un- 

f lapped wings, regardless of dihedral, taper ratio, aspect 
ratio, or sweepback. The interference factor F i may be 

taken to be 1.3 for flying-boat hulls or 0.6 for fuselages 

Mi e r- fix e d_ stab i lit y . - for a. desired rudder-fixed 
stability, the tail may be designed according to equation: 
(4), here rewritten: 



in which 



Ox — 



/ au n'\ _^w«w 

da t \d\|/.'"7 t q / da \ 

L l~ 0 \} " dT'J 



^dC 



'dC n '\ 

— — r-j- ] xs the difference between the desired 
' ^ 't stability of the airplane and the 

stability of the wing-fuselage com- 
bination. 
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S w , I, b w are characteristics of the airplane 

q/ q 0 is 0.90 for single tails and 1.00 for 
twin tails. 

—j is assumed equal to the value for the 
^ most nearly similar case in table 

VIII 

dGu t 

Prom the value of - thus calculated, the size and 

da t 

shape of the vortical tail are determined by the use of 
figure 2 and various practical considerations of the type 
discussed in reference 13. It must bo noted, in the use 
of figure 3, that the effective aspect ratio of the usual 
single tail is obtained by multiplying the actual aspect 
ratio by 1.55. 

If wind-tunnel tests of a model have shown unsatis- 
factory directional characteristics, the procedure just 
described may be applied, with some modifications to the 
redesign of the vert ical' tail . If results were obtained 
for the model with the tail both attached and removed, 

dCr, 1 

.s obtained as the difference between the sta- 



V dvj/' / t 



q / da \ 

bilities for the two conditions, and — 1 - — rr can 



da 

q. 0 V" d\j/« 

then be obtained directly from equation (4). The design 
of the now tail, to give the desired stability, then pro- 
ceeds as before. If tail-removed tests have not been made, 

cL O" 

it becomes necessary to estimate by comparison with 

d\l/' 

a similar airplane in table VIII and then to compute 
dC vl 1 



{.„ — *kS\ from equation (4). Subtracting this value from 
V d^» /t 

V dM/« 4 



dO * \ 

the oxpcrinental value of ( -r-— ; ) 1 gives a value for 



the tail-removed condition, and the tail is then rede- 
signed as before. 



Bubber-froe stability. r With the rudder free at any 
angle of yaw, the rudder floats at the angle for which the 
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hinge moment is zero. " This angle may he found by equating 
(l) to zero and substituting 



giving 



l^} ♦ T 



/ d0 it< 



dctt 



u 



8, = - 
r 



dat 



dCi 



a t 



u T- 



daj 



+ v 



The normal-force coefficient then "becomes 



UT 



da ^. 

G 



+ V 



J t 



dat 



a t 



The yawing moment due to the tail is then 



C 1 



It _L JL 
Sw t>w q 0 



uT 



dat 



+ v 



dC 



da 4 



a t 



Finally, the contribution of the vertical tail to the 
directional stability is 



/dO a » 



St x 1 

I /t = s w *w do 



dC N t , 
u T — — 5, + v 



da t 



dC 



N 



dat 



t / dcr 
1 - 



d\|/» 



This expression is the same as that derived for rudder- 

v 



fixed stability except for the factor 



u T - 



dat 



+ v 
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For any specific design, values of u and v are taken 
from figures 5 and 6. 

Calculations for. an average tail indicate 'that the 
contribution of the vertical tail, with rudder free, may 
he reduced to 65 percent of its value with rudder fixed. 
This value is large enough in somco cases to make the air- 
plane direct i onally unstable. 

Directional control. - A common criterion for direc- 
tional control is the value of d^/'/d6 r . The rudder area 
corresponding to a given value of this ratio may be found 
from the equation 

d\|/» 

T = — ' ' (7) 

da t s w \ % 




The value of t is found from equation (?) and is finally 
applied to the curves of figure 4 to obtain suitable val~ 
ues of S r / S t and S^/Sj.. 

Example . - Model 20 is identical with model 19 except 
that it has a larger vertical tail. It should therefore 
be possible to calculate the stability of model 20 from 
that of model 19 and, by a comparison of the calculated 
with the experimental value, to obtain an indication of 
the accuracy of the methods just presented. 

The value of -^2- is estimated, by reference to 
d \|/' 

table Till, as 0.15. Then by the application of equation 
(4), the tail contribution to stability is calculated for 
model 19: 



\ d^» A 



= _ 0 . 020 x 0.0619 x 1,141 x 0>85 x 0 ; 9Q 
't ig 0.8952 2.150 

= -0.00056 



cL 0 ^ 

The value of " n . for the complete model was -0.00054; 

d^" . . 

the contribution of the wing and fuselage ( — 3— ) is 
then -0.00054 + 0.00056 = 0.00002. 
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For the tail contribution of model 20, 



= >o.035 X X X 0.85 X 0.90 

*20 0.8952 2.150 

= -0.00172 

dC„ • 

The calculated value of — — for model 20 is thus 

d\J/» 

-0.00172 + 0.00002 = -0.00170, in fair agreement with the 
experimental value of -0.00156. 



■ COHCLUSIOHS 



The more important of the points mentioned in the 
paper are listed here. Since the data were limited and 
unsystematic, the conclusions are, to a considerable de- 
gree, tentative. 

1. The end-plate effect of the horizontal tail in- 
creases the effective aspect ratio of a single vertical 
tail by about 50 percent. 

2. The ratio of dynamic pressure at the tail to free- 
stream dynamic pressure is about 0.90 for single tails and 
about 1.00 for twin tails not in large nacelle wakes. 

3. The induced flow associated with the trailing vor- 
tex system of the fuselage and the wing is an important 
factor in directional stability. The sidewash is favor- 
able for low-wing airplanes and adverse for high-wing air- 
planes. 

4. Flap deflection increases stability, particularly 
for low-wing airplanes. 

5. .Dihedral reduces stability, particularly for low- 
wing airplanes. 

6. Flying-boat hulls are generally somewhat less un- 
stable than fuselages. The flying boats tested, however, 
had unfavorable wing- fuselage interference, generally re- 
quiring more vertical tail area than fuselages on aircraft 
of comparable size. 

Langley Memorial Aeronautical Laboratory, 

National Advisory Committee for Aeronautics, 
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COMPARISON OJ CALCULATED AMD EXPERIMEMAL RUDDER EFFECTIVENESS 
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a Horizontal-tail spans 2.58 and 3.11 ft were tested. 
^From 0*66 X 1.15, for sealed gap. 
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TABLE III 

EFFECT OF HORIZONTAL TAIL OIT RUDDER EFFECTIVENESS 



Iff- JS ^.1 
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a Missing values indicate that propeller was removed 
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TABLE IT 

EPPSCT OP WING POSITION OH RUDDER EPPECT I VENESS 

AIRPLANE 6 
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Missing values indicate that propeller was removed. 
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TABLE V 



EPPECT OP FLAPS OK EUDDER EFFECT IVENES S 
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.00096 
.00059 
.00108 
.00103 
.00095 
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SABLE YI 

COMPARISON OP RUDDER EPPECTIVEEEJSS BASED OS 
TWO METHODS OP DEPUTIES RUDDER AREA 
TYPE III TAILS 







'4V\ 






Model 




^ <i5r / above 




i d6r / total 








|dO a «\ 






\ d5 r / 

^ A ' exp 




\ ds r / cxp 


2 


0.90 


C.98 


11 


.95 


1.06 


14 


.73 


.94 


19 


. S3 


. 89 


20 


.79 


.96 


21 


.78 


.94 


22 


.67 


.90 


24 

i 


.84 


.99 
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TABLE VII 



EPPEOT OP PROPELLER OPERATION OH RUDDER EPPECJI7E1JESS 



Model 


(.deg; 


a 

{acg) 


T c 
U) 


d6 r 


1 




u 


Q Q 
O . O 




-C 


A a A r A 
. OuU 60 






u 


o o 
o . o 


"bn ^ r. 




.00060 






o 


P Q 




- 


.00061 






5 


8.8 






. UUU bU 






10 


8.8 






.00064 






-LU 


p ft 


"b ^ a 

i CD 


- 


.00069 


2 




0 


- .7 




- 


.00079 








- 7 


• t-J o 


- 


.00078 






o 


ft R 




- 


.00079 






o 


ft ^ 






n a a q 

i UUU (3 






o 

w 








.00052 






0 


1 R 7 


c . 71 


- 


.00054 


3 




0 


14. 8 




- 


.00096 






\j 


J. O . 3 


? ft 


- 


.00120 


4 






j- » o 




- 


.00153 






n 


J- » o 




- 


.00159 






n 


7 ft 




- 


.00152 








f . I 


• <5 0 




. 00243 






n 


J- <S « f 




mm 


.00151 






o 


J- o . 'i 


• Or 


_ 


.00307 


6 


¥ing position: 














1 (gull) 


n 
u 


— J. 




_ 


.00061 






u 


•"•JL 


. e K3 


mm 


.00130 






u 


4- 






.00061 








A 


. Ob 


- 


.00135 






n 


Q 






.00062 








Q 


• Do 




.00142 






u 


Xffc 






.00064 






0 


14 


. 56 




.00151 




4 (parasol) 


0 


-1 






.00055 






0 


-1 


, 5f 




.00112 






0 


4 






.00055 






0 


4 


.55 




.00121 






0 


9 






.00058 






0 


9 


.55 




. 00128 






0 


14 






.00058 






0 


14 


.55 




.00137 



a Missing values indicate that propeller was removed. 
*R ight-hand propellers only operating. 

c S ingle-engine operation, left propeller only operating. 



TABLS Till - DIRECTIONAL STABILITY MB ESTIMATION OF SIDSWASH 



Model 



(deg) 



Sf 
(deg) 



Dihe- 
dral 

(deg) 



Wing 
position 
(relative 
to 

fuselage) 



dCn'/cL^' 



Complete 
model 



Complete 
model 

less 
vertical 

tail 



Effect of 
vertical 
tail 



. Calculated 
effect of 
vertical 
tail 

05-°) 



Estimated 
da 
d\j/< 



1 

7 

8 
11 
12 a 
13 
27 

From 
reference 
9 



-1.0 
5.0 
- .3 

0 

-4.0 
2.3 
2.2 



5 
5 
5 
0 
0 
0 
5 
5 
5 
0 
0 
0 



0 
0 
0 
0 
0 
0 
0 



0 
0 
0 
60 
60 
60 
0 
0 
0 
60 
60 
60 



5.3 
3.0 
3.5 
2.7 
3.0 
3.0 
2.4 



0 
0 
0 
0 
0 
0 
5 
5 
5 
5 
5 
5 



Middle 
High 
Low 
Low 
High 
High 
Low 



High 

Middle 
Low 
High 

Middle 
Low 
High 

Middle 
Low 
High 

Middle 
Low 



-0.00092 

- .00086 

- .00074 

- .00075 

- .00013 

- .00014 

- .00150 



-0.00003 
.00030 
.00003 
.00007 
.00048 
.00085 
.00025 



Fuselage 
+ wing + 
vertical 
tail 



.00080 
.00107 
.00152 
.00120 
.00150 
.00267 
.00038 
.00093 
.00123 
.00070 
.00120 
.00190 



Fuselage 
+ 
wing 



.00035 
.00041 
.00030 
.00030 
.00020 
.00010 
.00037 
.00041 
.00035 
.00040 
.00030 
.00010 



-0.00089 

- .00116 

- .00077 

- .00082 

- .00061 
♦ .00099 

- .00175 



.00115 
.00148 
.00182 
.00150 
.00170 
.00257 
.00075 
.00134 
.00158 
.00110 
.00150 
.00200 



-0.00088 

- .00108 

- .00128 

- .00120 

- .00089 

- .00120 

- .00175 



.00199 
.00199 
.00199 
.00199 
.00199 
.00199 
.00199 
.00199 
.00199 
.00199 
.00199 
.00199 



-0.01 
* .07 
.40 
.32 
.31 
.18 

0 



.42 

.26 
.09 
.25 
.15 
.29 
.62 
.33 
.21 
.45 
.25 
.01 



a Blisters and cockpit enclosure removed. 
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TABLE IX 

EFFECT OF FLAPS Oil DIRECT 10 HAL STABILITY OF COMPLETE AIEPLA1TE 



Model 


a 
(do 




dC a » 
d\j/' 




Flaps up 


Flaps down 


Plants up 


Flaps down 


1 


-1.0 
a 10.1 


a 8.8 


-0.00092 
- .00124 


-0.00147 


7 


8.5 


8.5 


- .00075 


- .00069 


8 


9.5 


8.0 


- .00045 


- .00093 


12 


-4.1 
2.2 

Q A 


a -3.9 
a 2.4 


- ,00022 

- .00028 

- .00038 


- .00028 

- .00025 

- .00015 


1 O 


id . O 

b 2.3 


a o *2 
a > D 2.3 


- .00014 

- .00025 


- .00023 

- .00020 


15 


-1.8 


a 6.4 


- .00096 


- .00115 


22 


10.5 


10. 8 


- .00095 


- .00100 


23 


10.0 
16.9 


10.3 
15.1 


- .00071 

- .00071 


- .00114 

- .00060 


25 


10.9 


9.3 


- .00118 


- .00174 


26 


11.1 


8.5 


- .00119 


- .00133 


27 


0 


12.4 


- .00137 


- .00182 


29 


12.5 


10.9 


- .00121 


- .00145 


31 


.7 


a 5.2 


- .00109 


- .00120 


32 


1.1 


9.6 


- .00137 


- .00137 



a Landing gear extended. 
^Empennage raised 1-^- in. 
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TABLE X 

FUSELAGE AND HULL CHARACTERISTICS 



33 



Model 



Refer- 
ence 



V 

(mph) 



L 
(ft) 



Pro- 
jected 
side 
area^ 
•q ft) 



Volume 
(cu ft) 



dCif ' 

dt 5 



Experi- 
mental 



d^ 



Calcu- 
lated 




0 d 



o <z 



0 c 



9 



o c 




o c: 



ii 



ii 



ii 



ii 



ii 



ii 



ii 



ii 



ii 



ii 



ii 



ii 



ii 



From 

unpub- 
lished 
results 
of 7- by 
10-foot 
wind 
tunnel 



f 



40 
40 
40 

40 

40 

40 
40 

40 

40 
78 
78 

78 
78 
80 

80 
80 
80 



1.957 
1.759 
1.834 

1.849 

1.513 
1.590 
1.908 

1.793 

1.670 
3.373 
3.625 

3.953 
3.205 
4.010 

4.080 
4.430 
3.360 



0.429 
.413 

.435 
.409 

.282 
• 316 
.453 

.446 

.532 
1.468 
.832 

,781 
.474 
3.000 

2.285 
2.180 
1.474 



0.0683 
.0766 
.0768 

.0651 

.0430 
.0534 
.0966 

.0946 

.0624 

.3780 
.1870 

.2220 
.1380 
1.0700 

.7500 
.8750 
.6100 



0.0034 
.0063 
.0084 

.0072 

.0032 
.0066 
.0049 

.0043 

.0064 

.0078 
,0107 

.0094 
.0095 
.0106 

.0094 
.0046 
.0044 



0.038 
.031 
.023 
.031 

.024 
.032 
.025 

.036 

.038 

.027 
.018 

.019 
.011 
.032 

.015 

>oie 

.019 



0.035 



.034 



,035, 



.031 1 



0.027 



.027 



TABLE XL - FUSELAGE-WING IlITEEEEREUGJB 



Model 


a 
(deg) 


6 flap 
(cleg) 


Dihedral 
(deg) 


Wing 
position 


ac n «/a\J" 


Fuselage-wing 
interference 
factor 
F-? 


Fuselage 
or hull 
alone 


Wing 
alone 


Sum 


Fuselage 
or 

Trill 1 4- 

wing 


12 


-4 


0 


3 


High 


U.UUU5U 


A AAAAC^ 


A AAA/LC; 


u . UUVJ'i ( 


' 1.04 




11 


0 


3 


— do — 


#UUUDU 


AAAAR 

— . uuuu o 


.UUU'Sto 




.76 


13 


2 


0 


3 


— do — 


AAA CO 


AAAAA 

— .uuuo^t 


AAAC/L 


AAAQC 


1.33 


14 


3 


0 


4.8 


— do — 


AAACTA 

•00050 


AAAA*? 

- .0000/ 


AAA A'X 


AAT AA 
.UU±UU 


2.32 




11 


0 


4.8 


— do — 


.00087 


AAA! K 

- ,00015 


.DUO Id 


AA*1 AA 
.00100 


1.39 






















X O -L O -L O lib 




















9 


5 


o 


0 


— do — 


.00060 


0 


.00060 


.00035 


.58 




5 


o 


0 


Middle 


.00060 


0 


.00060 


.00041 


.68 




5 


0 


0 


Low 


.00060 


0 


.00060 


.00030 


.50 




0 


60 


0 


High 


.00060 


- .00010 


.00050 


.00030 


.61 




0 


60 


0 


Middle 


.00060 


- .00010 


.00050 


.00020 


.40 




0 


60 


0 


Low 


.00060 


- .00010 


.00050 


- .00010 


- .20 




5 


0 


5 


High 


.00060 


0 


.00060 


.00037 


.62 




5 


0 


5 


Middle 


.00060 


0 


.00060 


.00041 


.68 




5 


0 


5 


Low 


.00060 


0 


.00060 


.00035 


.58 




0 


60 


5 


High 


.00060 


- .00020 


.00040 


.00040 


1.00 




0 


60 


5 


Middle 


.00060 


- .00020 


.00040 


.00030 


.75 




0 


60 


5 


Low 


.00060 


- .00020 


.00040 


.00010 


.25 
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Fig. la 
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MODEL 7 MODEL 8 

Figure 1(b). - Geometric characteristics of airplanes 
and models* 
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Fig. lo 
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MODEL 15 MODEL 16 

4tSSt 

Figure 1(d). - Geometric characteristics of airplanes 
and models* 
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Fig. 
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Fig. 




Figure 1(f). - Geometric characteristics of airplanes 
and models* 
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Fig. 




MODEL 27 

MODEL M 

Figure Kg). - Geometric characteristics of airplanes 
and models* 
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Fig* lh 





-o O. 




MODEL 29 



MODEL 30 







MODEL 31 



MODEL 32 



Figure 1(h). - Geometric characteristics of airplanes 
and models. 
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Fig. 2 
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Figs. 3, 4 
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3 4 
Aspect ratio, A 



Figure 3.- Variation of slope of the normal-force curve with aspect 
ratio, A, Results for A^ 3 from reference 3, results for 
A = 3 from reference 1, 
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Ratio of ruiier area to tail area,S r /s^. 



Figure 4.- Variation of relative rudder effectiveness with S r /S^ and S^/Sp 
(from Fig. 19 of reference 2), 
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Figure 5,- Variation of the hinge-moment parameter u with -g^ and -gk 
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Figure 6.- Variation of the hinge-moment parameter v with — E and — & . 
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Fig. 8 
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Rudder deflection, 6 r ,deg 
Figure 8.- Variation of yawing-moment coefficient with rudder deflection. 
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rigors 9.- OoapsrlBon between oaloulatsd sad experimental rudder ef f setiveaSB* . 



.-0002 



-.0004 



-.0006 



An^le of at *g ot - g ' d *| 



o 
o 



—0008 



% -.0010 



.0013 



-.0014 



-.0016 




rigors 11.- Yariario* of raddex effectiveness with angle of attack. 




Distance from center line, ft 
(a) Wing position 1 (gull);or , 3.9°; 
propeller removed. 



0 10 20 
Deviation, deg 
Scale of vectors 



Distance from center line, ft 
(b) Wing position 4 (parasol); a , 4.2° J 
propeller removed. 



Figure 10.- Dynamic-pressure ratios (q/q 0 ) and downwash angles in plane of elevator hinge line of 
airplane 6. 
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Figure 12.- Variation of rudder effectiveness with angle of yaw. 




figure 13.- Two-view 

drawing of 
model from reference 9, 
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Fig. 14 
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Fig. 15 
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Fisraxe 15.- Variation with angle of attack of rate of change of yawing-moment 
Figure ;££ flcient with *„. Currej for airplane, that hare pojr, "raettoaal 

stability are included} therefore, tale figure cannot be used for design criterion. 




